High-temperature oxide thermoelectrics 
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We have evaluated the power factor of transition metal oxides at high temperatures using the 
Heikes formula and the loffe-Regel conductivity. The evaluated power factor is found to be nearly 
independent of carrier concentration in a wide range of doping, and well explains the experimental 
data for cobalt oxides. This suggests that the same power factor can be obtained with a thermopower 
larger than 2fcs/e, and also suggests a reasonably high value of the dimensionless figure of merit 
ZT. We propose an oxide thermoelectric power generator by using materials having a thermopower 
larger than 300 ^V/K. 

PACS numbers: 72.20.Pa, 72.80.Ga, 71.27.+a 



I. INTRODUCTION 

Thermoelectrics is a technology that can convert heat 
into electricity and vice versa through the thermoelec- 
tric phenomena in semiconductors and metalsii Owing 
to the pressing needs for reduction of the carbon-dioxide 
emission, thermoelectric power generation has received a 
renewed interest from the viewpoint of waste-heat recov- 
ery into electric power. In particular, power generator 
at high temperature in air is highly desirable for waste 
heats from car engines and garbage furnaces. For such 
purposes, thermoelectric devices using oxide ceramics are 
quite promising, but the thermoelectric conversion efB- 
ciency is not satisfactory at present. 

After the discovery of the good thermoelectric prop- 
erties of the layered cobalt oxide Na2;Co02)^ oxide 
thermoelectrics using transition-metal oxides is exten- 
sively investigated for the last decade<^"— Compared with 
other thermoelectric materials, transition-metal oxides 
are quite unique in the sense that (i) the electron correla- 
tion is strong enough to make the Heikes formula valid for 
the thermopower above room temperature,—^— (ii) the re- 
sistivity is barely metallic in which the mean free path is 
of the order of the unit cell length, and (iii) the spin fluc- 
tuation significantly affects the physical propertiesJ^iii 
As a result, the thermoelectric parameters cannot be pre- 
dicted from conventional semiconductor physics ii 

Here we try to clarify how the power factor S'^a 
changes with carrier concentration and temperature in 
transition-metal oxides, where S and a are the ther- 
mopower and the conductivity, respectively. Although 
the thermopower of many transition-metal oxides have 
been discussed with the Heikes ioiuui\a.r^i^^ there are 
only a few discussions on how the conductivity is de- 
scribed in the same conditions'^"— In particular, we 
wish to address the following two anomalies. First, an 
optimum carrier concentration uq that maximizes the 
power factor is of the order of 10^^ cm^"^, and depends 
strongly on temperature. Second, while the thermopower 
at no often depends on materials, the maximized power 
factor is approximately 2-3 /^W/cmK^, and is nearly in- 
dependent of material species. These are seriously incom- 
patible with the "collective wisdom" of thermoelectrics. 



where uq is of the order of 10^^ cm^'^, and the op- 
timized thermopower is approximately 2fcs/e. To see 
these two anomalies we will take Lai-a^Sr^^CoOa as a 
typical example. The doped LaCoOa has been exten- 
sively investigated as a possible candidate for thermoelec- 
tric oxide^^"— and the thermoelectric parameters have 
been systematically measured in a wide range of carrier 
concentration!^"— Iwasaki et al<^ have measured the 
thermoelectric parameters using sixteen polycrystalline 
samples of Lai-i^Sr^^CoOa from x = to 0.40 in a wide 
range of temperature from 77 to 1100 K. Their compre- 
hensive study offers a good example to test the idea dis- 
cussed in the present paper. We discuss a possible value 
of the figure of merit for such materials at high temper- 
atures. 



II. THEORETICAL BACKGROUND 

Let us bricfiy summarize the conventional thermo- 
electrics by following Mahan's review article.— Accord- 
ing to the Boltzmann equation, the thermopower S can 
be written with the Fermi-Dirac distribution /o and the 
chemical potential ^ by 
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where e^, Vk and t^ are the energy, velocity and scatter- 
ing time for an electron with a wavevector of k, respec- 
tively. We can also express the carrier density n as 



n = 2 



(2^ 
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Let us evaluate Eqs. (P) and Q at high temperatures. 
The Fermi-Dirac distribution function /o can be approx- 
imated as the Maxwcll-Boltzmann distribution as 
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where /3 = l/ksT and x = ek/ksT. Now we can evaluate 
the integrals in Eqs. ([T]) and ^, by assuming a single 



band with a parabolic dispersion. Then we get n as 
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For many practical cases, this equation determines the 
chemical potential // as a function of n and T as 
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In the same way, we evaluate the thcrmopower as 
ks J d^k u^rk(/3/i — x) cxp(/3/i — x) 
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where (x) is the average of x with a weight function of 
-y^Tk exp(/3/i — x). Note that we used Eq. (O to eliminate 
//. Now we can get the optimum condition of the power 
factor by differentiating it with n. By neglecting the 
carrier-concentration dependence of the mobility, we get 



dn dn 
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Then the optimum carrier concentration no should satisfy 
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By eliminating (x) from Eq. ([7]), we get the optimum 
thermopower 5*0 as 



So^-{-ln{^ 



- ^ (10) 
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This indicates that the optimum thermopower is univer- 
sal and independent of materials parameters. Using re- 
alistic parameters for a;, we can evaluate uq to be of the 
order of 10^^ cm~'^ at 300 K. In fact, the conventional 
thermoelectric materials arc optimized around this car- 
rier concentration, and show a thermopower of ± 200 
fiV/K that is close to ±2kB/e = ±170 //V/K. Very re- 
cently, Pichanusakorn and Bandaru^l have performed a 
similar but more extensive calculation, and have found 
that the optimized thermopower is always in a limited 
range of 130-187/xV/K, which is essentially independent 
of material parameters. 



FIG. 1. (Color online) The power factor of polycrystalline 
samples of Lai_a;Sra;Co03 measured by Iwasaki et al.— plot- 
ted as a function of Sr concentration x. 



III. POWER FACTOR FOR DISORDERED 

SYSTEMS 

According to Eq. ([9]), no is proportional to 
T'^' 2 exp((a;) — 2), meaning that the optimum carrier con- 
centration is higher for higher temperatures. This is not 
true in real transition-metal oxides. Figure 1 shows the 
power factor of polycrystalline samples of Lai_j;Srj;Co03 
measured by Iwasaki et ali^ as a function of Sr con- 
centration X for several temperatures. The optimum Sr 
concentration xq depends clearly on temperature. This 
is reasonable, because Eq. ([8]) is based on the assump- 
tion that the mobility is independent of carrier concen- 
tration. In real materials, however, the mobility is highly 
dependent on carrier concentration especially near metal- 
insulator transitions. 

Let us have a closer look at the temperature depen- 
dence of the optimum Sr concentration xq. While xq is 
around 0.12 (corresponding to n =2x10^^ cm~^) at 200 
K, Xq shifts to lower x with increasing temperature. The 
power factor at 350 K shows a plateau from x ~ 0.04 
to 0.1, which is understood from two broad maxima lo- 
cated near x =0.04 and 0.1. In this context, xq gradu- 
ally decreases with temperature from xq =0.12 at 200 K, 
through 0.1 at 300 K, to 0.04 at 400 K. 

Let us discuss an origin for the temperature depen- 
dence of Xq. In Lai_a;Sra;Co03, the thermopower from 
200 to 400 K are weakly dependent on temperature. 
As is widely known, the temperature-independent thcr- 
mopower has been analyzed using the Heikes formulaii 
In this formula, entropy per site is associated with the 
thermopower. In a simplest case, the thermopower of 
the Heikes formula ^h can be given by 
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where x is the carrier concentration per unit cell. This 
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FIG. 2. (Color online) The power factor calculated from Eq. 
(|13|l (solid curve) and Eq. p4|l (dotted curve), plotted as 
a function of carrier concentration per unit cell. The power 
factors at 200 and 400 K in Fig.l are also plotted. 



formula is valid, when the thermal energy fcsT is much 
larger than the transfer energy t but much smaller than 
the on-site Coulomb repulsion U {t <^ ksT ^ U). 
Although the spin and orbital degrees of freedom ex- 
ist in the Co ions, we neglect in the present paper to 
avoid the controversy of the spin states of the doped 
LaCo03-22'25^ 

In the same condition, we should employ the conduc- 
tivity for nonmetallic conduction. One extreme case is 
known as the loffe-Rcgcl limit, where the electron mean 
free path is close to the lattice parameters. In this pic- 
ture, the lofFe-Regel conductivity ctir is given by 



criR = 0.33x^/3 — , 
na 
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where a is the lattice parameter i^ Thus the power factor 
is written as 



^H^IR oc X 



2/3 



In 



2x 
1~^ 



(13) 



Another extreme case is the electrical conduction near 
the Anderson transition. In this case, the conductivity 
a A goes toward zero critically as cta oc (n — tIcY, when 
n approaches the critical concentration Uc. When the 
critical regime is sufficiently large, we get cta ot n^ for 
n ^ He- In this case, the power factor is written as 
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Figure 2 shows the normalized power factors calculated 
from Eqs. (|13l) and (|14p . together with the experimental 



data shown in Fig.l, where the properly normalized val- 
ues of xP [ln2a;/(l - x)f is plotted for p = 2/3 [Eq. p^] 
and for p = 2 [Eq. ([H])] by the solid and dotted curves, 
respectively. As is clearly seen by the dotted curve in 
Fig. 2, the exponent oi p = 2 well explains the power 
factor measured at 200 K. This suggests that the mo- 
bility is proportional to x, which is consistent with the 
mobility at 300 K evaluated by Iwasaki et a\^ This dop- 
ing dependent mobility is the reason why the optimum 
carrier concentration is much larger than the value given 
by Eq. ^. At higher temperature, in contrast, all the 
samples tend to show ctir called resistivity saturation)^ 
and the solid curve explains the measured data at 400 K 
for X > 0.03. It is reasonable that the measured data is 
below the solid curve for x < 0.03, because at such low 
carrier concentration, strong localization takes place to 
make the conductivity lower than (Tir. 

Looking at Eqs. P^ and (|14p . one can understand 
why the thermoelectric performance of the thermoelec- 
tric oxides is poor at room temperature, but is com- 
parable to that of other materials above 1000 K. The 
low-temperature mobility is poorer for lower carrier con- 
centration, and the conductivity cta is much lower than 
that of the conventional thermoelectric materials. On the 
other hand, when Eq. (|13p is valid, the resistivity and 
thermopower become independent of temperature. For 
X = 0.02 and a = 5A, for example, we have uir =100 
S/cm and Sn =300 /iV/K. Then the power factor equals 
9 /iW/cmK^. Note that the value of 9 ^W/cmK^ is the 
upper limit for materials in which the Heikes formula is 
valid. It is thus reasonable to regard this value as close 
to the observed maximum power factor of 2-3 ^W/cmK^ 
in Fig. 1. Assuming a low thermal conductivity k of 10 
mW/cmK, we estimate the figure of merit Z = S'^a-m/n 
to be 9x10-4 K-\ which gives ZT = 0.9 at 1000 K. 
The thermoelectric parameters of the layered cobalt ox- 
ides roughly meet the above conditions)^"— A prime ex- 
ample is Ca3Co40g; At 1000 K, a single crystal shows 
a power factor of 26 fiW/cmK^ with a resistivity of 2.4 
mfJcm and a thermopower of 250 ^V/K^ and a ceramic 
sample shows a power factor of 6 /xW/cmK^ with a re- 
sistivity of 9 mSlcm and a thermopower of 230 fiV/KM- 
We should further emphasize that the above estimation 
is done in the limit of low mobility. This is also incom- 
patible against the collective wisdom of thcrmoelectrics, 
where high-mobility semiconductors are required for high 
ZT values. Equation (13) warrants that highly disor- 
dered materials can be fairly good thermoelectric mate- 
rials at high temperature. 

Another feature of Eq. p^ is that the solid curve in 
Fig. 2 indicates that the power factor has a broad max- 
imum around 0.01-0.06. This is because ctir is weakly 
dependent on x so that the increase in Sn compensates 
the decrease in ctir, well. Equation ([TT|) gives 340 and 
170 nV/K for X = 0.01 and 0.06, respectively, and mate- 
rials with a thermopower larger than 300 ^V/K should 
be designed to maximize the power factor. In fact, the 
thermopower for x = 0.03 is 300 fi V/K at 400 K. 



This is again seriously incompatible with the prediction 
of Eq. (jlOp that the optimized thermopower is always 
2kB/e =170 /^V/K. 

Kobayashi et al.^ have reported that the power factor 
of the misfit layered cobalt oxides [Bi2A204][Co02]6i/62 
is nearly independent of materials at 300 K. By chang- 
ing the block layer, they controlled the carrier concentra- 
tion, and concomitantly changed the resistivity and ther- 
mopower from sample to sample. An important finding 
is that the power factor at 300 K is close to 2 /LtW/cmK^ 
for all the samples measured. We think this doping- 
independent power factor is essentially understood with 
Eq. ^. 

The present work suggests that the thermopower of 
transition-metal oxides can be increased up to 340 /iV/K 
with remaining the power factor unchanged, when the 
transport parameters are explained with the Heikes for- 
mula. By using such oxides, one can reduce the number 
of thermocouple without deteriorating the performance 
of the device. Such devices are easier to fabricate, easier 
to lower contact resistance, and easier to take impedance 
matching because of its high impedance. We hope that 
we can increase the yielding ratio and the reliability as 
well by using such devices. Recently, Bonetti et ali^ have 
reported that a huge thermopower of 7 mV/K around 30- 
45° C for some electrolytes, and argued the same idea. 



IV. SUMMARY 

We have discussed the high-temperature power factor 
of disordered materials using the Heikes formula for the 



thermopower and the loffc-Regel limit for the conduc- 
tivity. We have found that this power factor can be as 
large as 9 /^W/cmK^ (a resistivity of 10 mJ7cm and a 
thermopower of 300 ^V/K) at any temperatures, which 
could give a reasonable value of ZT = 0.9 at 1000 K 
with a realistic value of the thermal conductivity of 10 
mW/emK. We have further found that this power factor 
takes a broad maximum for a wide range of carrier con- 
centration from 0.01 to 0.06 per unit cell. Since this car- 
rier concentration range corresponds to a thermopower 
from 170 to 340 /xV/K, a thermopower larger than 300 
/iV/K is applicable for a thermoelectric power generator 
using transition-metal oxides. 
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